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Abstract
In this paper, we give a review on automatic image processing tools to rec-
ognize diseases causing specific distortions in the human retina. After a brief
summary of the biology of the retina, we give an overview of the types of le-
sions that may appear as biomarkers of both eye and non-eye diseases. We
present several state-of-the-art procedures to extract the anatomic components
and lesions in color fundus photographs and decision support methods to help
clinical diagnosis. We list publicly available databases and appropriate measure-
ment techniques to compare quantitatively the performance of these approaches.
Furthermore, we discuss on how the performance of image processing-based sys-
tems can be improved by fusing the output of individual detector algorithms.
Retinal image analysis using mobile phones is also addressed as an expected
future trend in this field.
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1. Introduction
The retina (fundus) [1] has a very specific diagnostic role regarding human
health. The eye is a window into the body responsible for sensing information
in the visible light domain, thus, it is also suitable to make clinical diagnoses
in a non-invasive manner. The retina is a spherical anatomic structure on the
inner side of the back of the eye as shown in Figure 1(a). It can be subdivided
into ten layers supporting the extraction of visual information by photoreceptor
cells: the rods and the cones. As any other tissue, the retina also has blood
support through the vascular system, which is clearly visible from outside with
an ophthalmoscope during clinical examinations. At the center of the retina
a darker, round spot, the macula resides, whose center is known as the fovea,
which is responsible for sharp vision. The optic disc – including the optic cup –
is a bright oval patch, where the optic nerve fibers leave the eye and where the
major arteries and veins enter and exit. The special structure of the retina limits
the possible appearances of distortions caused by different diseases. Namely,
the most common lesions appear as patches of blood or fat in retinal images.
Diseases affecting the blood vessel system cause similar vascular distortions here
than in any other part of the body, but are easier and better seen if examined
by an experienced professional.
From diagnostic point of view, retinal image analysis is a natural approach
to deal with eye diseases. However, it is getting more and more important
nowadays, since the types and quantities of different lesions can be associated
with several non-eye diseases, as well. In automatic image analysis, the fovea,
macula, optic disc, optic cup, and blood vessels are the most essential anatomic
landmarks to extract (see Figure 1(b)). Besides them, the recognition of specific
lesions is also critical to deduce to the presence of diseases they are specific to.
In this work, we focus on automatic color fundus photograph analysis tech-
niques to support clinical diagnoses. Accordingly, the rest of the paper is or-
ganized as follows. We highlight the major eye and non-eye diseases having
symptoms in the retina in section 2. In section 3, we provide an overview of im-
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(a) (b)
Figure 1: Basic concepts of retinal image analysis; (a) the structure of the human eye and
the location of the retina, (b) sample fundus image with the main anatomic parts and some
lesions.
age acquisition techniques and summarize the most important automatic image
processing approaches. These tools include image enhancement and segmen-
tation methods to extract anatomic components and lesions. We exhibit both
supervised and non-supervised techniques here. Moreover, we discuss on how
the aggregation of the findings of different algorithms by fusion-based methods
may improve diagnostic performance. For the quantitative, objective compara-
bility of different approaches, we also present several publicly available datasets
and the commonly applied performance measures. We discuss on possible fu-
ture trends including retinal image analysis on mobile platform in section 4.
Finally, in section 5, we draw some conclusions to provide a more comprehen-
sive comparison of the available approaches and to give suggestions on possible
improvements regarding both detection accuracy and efficient computing.
2. Clinical background of color fundus photograph analysis
The retina is the only site to observe vessel-related and other specific lesions
in vivo and recent studies showed that these abnormalities are predictive to
several major diseases listed next.
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2.1. Diabetes
In 2015, 415 million adults suffered from diabetes mellitus [2]. This number
is growing, and by 2040, it is expected to reach 642 million. Long-time diabetes
affects the blood vessels also in the eyes, causing diabetic retinopathy (DR). In
the case of DR, the blood vessels supplying the retina may become thick and
weak, causing leaks called hemorrhages (see Figure 2). These leaking vessels
lead to swelling and edema, causing eyesight deterioration. The fluid exudates
in the retina can be observed as small yellowish spots (see Figure 1(b)). The
earliest signs of diabetes are microaneurysms (MAs, see Figure 1(b)), which
are focal dilations of the capillaries and appear as small darkish spots. The
identification of exudates, hemorrhages, and MAs are important for the early
prevention of DR-caused blindness.
Figure 2: A sample retinal image with cotton wool spots and hemorrhages.
2.2. Cardiovascular diseases
Hypertension. Wong et al. [3] summarized the major effects of systemic hyper-
tension in the retina. Hypertensive retinopathy may cause blot- or flame-shaped
hemorrhages, hard exudates, micro- or macroaneurysms, and cotton wool spots,
which occur due to the occlusion of arteriole and appear as fluffy yellow-white
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lesions (see Figure 2). Ikram et al. [4] pointed out that the risk of hypertension
was increased with general arteriolar narrowing in the retina, mainly in the el-
derly population. There is a connection also between the arteriolar-to-venular
diameter ratio and higher blood pressure, but with lower influence than the ar-
teriolar narrowing. Cheung et al. [5] concluded that retinal arteriolar tortuosity
was connected with higher systemic blood pressure and body mass index, while
venular tortuosity was associated with lower high-density lipoprotein cholesterol
level, as well.
Coronary heart disease. Coronary heart disease is the leading cause of death
worldwide. Recent studies (e.g., [6]) showed that there is a correlation be-
tween coronary heart disease and coronary microvascular dysfunction. Liew
et al. [7] collected the main symptoms of microvascular dysfunctions like focal
arteriolar narrowing, arteriovenous nicking and venular dilation. McClintic et
al. [8] reviewed the recent findings regarding the connection between coronary
heart disease and retinal microvascular dysfunction. Liew et al. [9] examined
retinal vessels with fractal analysis in order to detect whether it had any con-
nection to coronary heart disease. Their observations suggest that non-optimal
microvascular branching may cause the disease. Vessel abnormalities can be
characterized by geometric measures that will be discussed in section 3.3.3.
2.3. Stroke
Since the cerebral and retinal vasculature share similar physiologic and
anatomic characteristics, reasonable research efforts have been made in the re-
cent years to reveal the connection between cerebral stroke and retinal vas-
culature. Baker et al. [10] concluded that signs of hypertensive retinopathy
were associated with different types of stroke. Cheung et al. [11] showed that
increased retinal microvascular complexity was associated with lacunar stroke
and alterations of retinal vasculature may cause microangiopathic events in the
brain. Patton et al. [12] summarized the recent advancements in the possibilities
of examining the retina to search for cerebrovascular diseases.
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3. Analysis of color fundus photographs
3.1. Color fundus photography
Fundus photography is a cost-effective and simple technique for trained med-
ical professionals. It has the advantage that an image can be examined at
another location or time by specialists and provides photo documentation for
future reference.
Panwar et al. [13] recently collected the state-of-the-art technologies for fun-
dus photography. Currently available fundus cameras can be classified into five
main groups: (1) Traditional office-based fundus cameras have the best image
quality, but also the highest cost overall, and personal clinical visits are re-
quired by the patients. The operation of such devices requires highly trained
professionals because of their complexity. (2) Miniature tabletop fundus cam-
eras are simplified, but still require personal visits in a clinical setting. High
cost also limits the wider spread of these devices. (3) Point and shoot off-the-
shelf cameras are light, hand-held devices. They have low cost and relatively
good image quality. The main limitation of these cameras is the lack of fixa-
tion, so proper focusing is a cumbersome task. Reflections from various parts
of the eye can hide important parts of the retina. (4) Integrated adapter-based
hand-held ophthalmic cameras can produce a high resolution, reflection-free im-
age. The bottleneck is the manual alignment of the light beam, which makes
image acquisition highly time-consuming. (5) Smartphone based ophthalmic
cameras emerged from the continuous development of the mobile phone hard-
ware. The application of such devices may have a major impact in clinical
fundus photography in the future. The main limitations of the mobile platform
are rooted in its hand-held nature: focusing and illumination beam positioning
can be time-consuming. However, despite their performance is not yet assessed
in comprehensive clinical trials, these devices show promising results.
3.2. Image pre-processing
Pre-processing is a key issue in the automated analysis of color fundus pho-
tographs. The studies of Scanlon et al. [14] and Philip et al. [15] reported that
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20.8% and 11.9% of the patients, respectively, had images from at least one eye
that cannot be analyzed clinically because of insufficient image quality. The ma-
jor causes of poor quality are the non-uniform illumination, reduced contrast,
media opacity (e.g., cataract), and movements of the eye. The application of
pre-processing techniques can mitigate or even eliminate these problems, but
improves the efficiency of the image analysis methods on good quality images,
as well. Among several other image processing methods, Sonka et al. [16] and
Koprowski [17] offer a great outlook on pre-processing methods.
The pre-processing method proposed by Youssif et al. [18] aims to reduce the
vignetting effect caused by non-uniform illumination of a retinal image. Small
dark objects like MAs can be enhanced by this step.
Walter et al. [19] defined a specific operator for contrast enhancement us-
ing a gray level transformation. Intensity adjustment was used to enhance the
contrast of a grayscale image by saturating the lowest and highest 1% of the in-
tensity values in [20]. The histogram equalization method proposed in [18] also
aimed to enhance the global contrast of the image by redistributing its intensity
values. To do so, the accumulated normalized intensity histogram was created
and transformed to uniform distribution. Contrast limited adaptive histogram
equalization [21] is also commonly used in medical image processing to make the
interesting parts more visible. This method is based on local histogram equal-
ization of disjoint regions. A bilinear interpolation is also applied to eliminate
the boundaries between regions.
By [22], MAs appearing near vessels become more easily detectable with
the removal of the complete vessel system before candidate extraction. After
removing the vessel system, intrapolation techniques [23] can be used. Lin et
al. [24] recommended a method for vessel system detection, which considered
the vasculature as the foreground of the image. The background was extracted
by applying an averaging filter, followed by threshold averaging for smoothing.
The background image was then subtracted from the original one.
The choice of the appropriate image pre-processing methods also depends
on the subsequently used algorithms. Antal and Hajdu [25] proposed to se-
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lect an optimal combination of pre-processing methods and lesion candidate
extractors by stochastic search. The main role of pre-processing methods in
this ensemble-based system is to increase the diversity of the lesion candidate
extractor algorithms. Further, To´th et al. [26] proposed a method to find the
optimal parameter setting of such systems. More details on the ensemble-based
approaches will be given in section 3.5.
3.3. Localization and segmentation of the anatomic landmarks
3.3.1. Localization and segmentation of the optic disc and optic cup
In general, the localization and the segmentation of the optic disc (OD,
see also Figure 1(b)) mean the determination of the disc center and contour,
respectively. These tasks are important to locate the anatomic structures in
retinal images as well as in registering pathological changes within the OD
region. Especially, the abnormal enlargement of the optic cup (OC) may relate
to glaucoma.
The OD localization methods can be divided into two main groups: ap-
proaches that are based on the intensity and shape features of the OD and
those that use the location and orientation of the vasculature.
Lalonde et al. [27] applied Haar DWT-based pyramidal decomposition to
locate candidate OD regions, i.e., pixels with the highest intensity values at the
lowest resolution level. Then, Hausdorff distance-based template matching was
used to find circular regions with a given dimension to localize the OD. Lu and
Lim [28] designed a line operator to capture bright circular structures. For each
pixel, the proposed line operator evaluated the variation of the image brightness
along 20 line segments of specific directions. The OD was located using the line
segments with maximum and minimum variations.
Hoover and Goldbaum [29] proposed to use fuzzy convergence [30] to localize
the OD center. Here, the vessel system was thinned and fuzzy segments modeled
each of the line-like shapes. As a result, a voting map was generated and the
pixel having the most votes was considered as the OD center. Foracchia et al. [31]
exploited the directional pattern of the retinal vasculature to localize the OD.
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After segmenting the vasculature and determining the centerlines, diameters,
and directions of the vessels, a parametric geometric model was fit to the main
vessels to localize the OD center. Youssif et al. [32] proposed a method, where
the OD was localized by the geometry of the vessels. After vessel segmentation,
matched filtering was applied with different template sizes at various directions.
Then, thinning was used to extract the centerline of each vessel.
Several other approaches considering various principles exist for the detection
of the OD, like kNN location regression [33], Hough-transform [34, 35], and
circular transformation [36], as well.
Yu et al. [37] identified the candidate OD regions using template matching
and localized the OD based on vessel characteristics on its surface. The obtained
OD center and estimated radius were used to initialize a hybrid level-set model,
which combined regional and local gradient information. Cheng et al. [38] pro-
posed superpixel classification to segment the OD and OC. After dividing the
input image into superpixels, histograms and center surround statistics were
calculated to classify the superpixels as OD/OC or non-OD/non-OC ones.
Hajdu et al. [39] proposed an ensemble-based system specifically designed
for spatial constrained voting. Here, the output of each individual algorithm is
a vote for the center of the OD. Toma´n et al. [40] extended this system with
assigning weights to the detector algorithms according to their individual accu-
racies. Hajdu et al. [41] made a further extension by introducing corresponding
diversity measures to discover the dependencies of the detector algorithms bet-
ter. A detailed comparison of the aforementioned algorithms is enclosed in Table
1 (see Appendix).
The cup-to-disc ratio is the ratio of the diameters of the OD and OC and the
main indicator of glaucoma [42]. Glaucoma caused blindness is irreversible, but
preventable with early detection and proper treatment. Furthermore, a recent
study [43] showed that participants with glaucoma were more likely to develop
dementia. For the determination of the cup-to-disc ratio see [44, 45, 46], while
a mobile phone-based approach will be presented in detail in section 4.
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3.3.2. Localization and segmentation of the macula and the fovea
The fovea, as the center of the macula, is situated at the distance two and
half times of the OD diameter between the major temporal vascular arcades (see
Figure 1(b)). Since the macula is the center of sharp vision, it has an important
role in image analysis. The automatic localization of the macula/fovea is gener-
ally based on visual characteristics and positional constraints. Sinthanayothin
et al. [47] localized the macula within a predefined distance from the OD as the
region having maximal correlation between a template and the intensity image
obtained by HSI transformation. Li and Chutatape [48] estimated the location
of the macula by fitting a parabola on the main vessels having its vertex at the
OD center. The macula was found on the main axis of the parabola based on
its intensity and distance from the OD. Tobin et al. [49] relied solely on the
segmented vessels and the position of the OD. They determined a line that was
roughly passing through the OD and the macula using a parabolic model of the
vasculature and localized the fovea by its distance from the OD. Chin et al. [50]
localized the fovea as the region of minimum vessel density within a search re-
gion that was derived from anatomic constraints. Instead of a predefined value,
the distance of the OD and macula was learned from annotated images.
Niemeijer et al. [51] used an optimization method to fit a point distribution
model to the fundus image. The points of the model specified the location of
the anatomic landmarks of the fundus including the fovea. In [52], the same
authors presented a faster method using a kNN regressor to predict the distance
of the OD and fovea at a limited number of locations in the image based on
a set of features. Welfer et al. [53] considered the relative locations of the
retinal structures and mathematical morphology for macula detection. After
the candidate regions were identified, morphological filtering was applied to
remove lesions, and the center of the darkest region was selected as the fovea.
Antal and Hajdu [54] applied a stochastic search-based approach to improve
macula detector algorithms with finding the optimal adjustment of parameters
by simulated annealing.
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Most of the macula/fovea detection approaches rely on the spatial relation-
ship between the anatomic landmarks and their detection accuracies may drop,
if the geometry considered strictly fixed. For example, the ratio of the OD di-
ameter and the OD to fovea distance may vary depending on the age of the pa-
tient and pathologies such as optic nerve hypoplasia and physiologic macrodisc.
Another important issue is that some of these methods (e.g., [49, 50]) were de-
veloped to work only with images centered at the fovea. A detailed comparison
of the algorithms is enclosed in Table 2 (see Appendix).
The proper localization of the macula is important also in the recognition of
age-related macular degeneration (AMD), which is the leading cause of blind-
ness among adults and is an increasing health problem. AMD cannot be cured,
but its progress can be prevented by early diagnosis and treatment. There are
two major forms of the disease: non-exudative (dry) AMD that is indicated
by the presence of yellowish retinal waste deposits (drusen) in the macula, and
exudative (wet) AMD that is characterized by choroidal neovascularization that
leads to blood and protein leakage (exudates). Non-exudative AMD is the more
common form and it causes vision loss in the central region first; however, it can
lead to the exudative form that can cause rapid vision loss if left untreated. Au-
tomatic image analysis methods aiming to detect the presence of this disease are
currently based on support vector machine classification [55], hierarchical im-
age decomposition [56, 57], statistical segmentation methods [58], deep learning
[59], and pixel intensity characteristics [60].
3.3.3. Segmentation of the vessel system
Segmentation. In general, most vessel segmentation methods consider the green
channel of the image, because the contrast is higher and the noise level is lower
here.
Soares et al. [61] proposed a method that classified pixels as vessel or non-
vessel ones using supervised classification. Here, Gabor transform was applied
for contrast enhancement. Lupas¸cu et al. [62] used AdaBoost to construct a
classifier. In this method, 41 features were extracted based on local spatial
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properties, intensity structures and geometry.
Methods based on matched filtering convolve the retinal image with 2D tem-
plates, which are designed to model the characteristics of the vasculature. The
presence of a feature at a given position and orientation is indicated by the
filter response. Chaudhuri et al. [63] had one of the earliest approaches for
the automated segmentation of the vascular system. They proposed a tem-
plate with a Gaussian profile to detect piecewise linear segments of vessels. The
filter response image was thresholded and post-processed to obtain the final
segmentation. Kova´cs and Hajdu [64] also proposed a method based on tem-
plate matching and contour reconstruction. The centerlines of the vessels were
extracted by generalized Gabor templates followed by the reconstruction of the
vessel contours. The intensity characteristics of the contours were learned in
training databases with a typical output is shown in Figure 3.
(a) (b) (c)
Figure 3: Segmentation of the vascular system by [64]; (a) original image, (b) manually
annotated vascular system, (c) automatic segmentation result.
As lesions can exhibit similar local features as vessels, their occurrence might
deteriorate the quality of segmentation. Annunziata et al. [65] proposed a
method to address the presence of exudates. After pre-processing, exudates
are extracted and inpainted and a multi-scale Hessian eigenvalue analysis was
applied to enhance vessels. A detailed comparison of the algorithms can be
found in Table 3 (see Appendix).
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Artery and vein classification. By the classification of the vessels, important di-
agnostic indicators can be obtained, such as the arteriolar-to-venular diameter
ratio. In general, vessels show different characteristics, size and color; arteries
are brighter and usually thinner as it can also be observed in Figure 4. Zam-
perini et al. [66] classified vessels based on color, position, size and contrast by
investigating the surrounding background pixels. Relan et al. [67] used Gaus-
sian Mixture Model – Expectation Maximization clustering to classify vessels.
Dashtbozorg et al. [68] proposed a classification method based on the geome-
try of vessels. First, a graph was assigned to the vessel tree around the OD.
Next, different intersection points were determined: bifurcation, crossing, meet-
ing, and connecting points. Finally, classification was performed based on a
list of features, like node degree, vessel caliber, orientation of links. Estrada
et al. [69] also considered a graph theoretical approach extended by a global
likelihood model. Relan et al. [70] applied a Least Square – Support Vector Ma-
chine technique to classify veins based on four color features. Table 4 contains
a detailed comparison of the algorithms (see Appendix).
Figure 4: A retinal image from the STARE database [71] illustrating severe vessel tortuosity.
Vasculature measurements. The measurement of vascular tortuosity (see Fig-
ure 4) is important in the detection of hypertension, diabetes and some central
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nervous system diseases. Some of the earliest works were summarized by Hart
et al. [72] with proposing a tortuosity measure to classify vessel segments and
networks, as well. Since then, several different approaches have been proposed
and currently tortuosity measurement algorithms can be categorized in five main
groups: (1) arc length over chord length ratio, (2) measures involving curvature,
(3) angle variation, (4) absolute direction angle change, (5) measures based on
inflection count. Grisan et al. [73] highlighted some methods from each group.
Moreover, they proposed a tortuosity density measure to handle vessel segments
of different lengths with summing every local turn. Lotmar et al. [74] introduced
the first method of the first category, which was later widely utilized. Poletti
et al. [75] proposed a combination of methods for image-level tortuosity estima-
tion. Oloumi et al. [76] considered angle variation for tortuosity assessment in
the detection of retinopathy of prematurity. Lisowska et al. [77] compared five
methods settling on different principles. Perez-Rovira et al. [78] proposed a com-
plete system for vessel assessment that used the tortuosity measure by Trucco
et al. [79]. Aghamohamadian-Sharbaf et al. [80] created a curvature-based algo-
rithm applying a template disc method. They also showed that curvature had
a non-linear relation with tortuosity. A detailed comparison of the algorithms
is enclosed in Table 5 (see Appendix).
Vessel bifurcations are important in the detection of certain central nervous
system diseases. Tsai et al. [81] proposed a method for vessel bifurcation es-
timation consisting of three components: a circular exclusion region to model
the intersections, a landmark location for the intersection itself, and orientation
vectors to represent the vessels meeting at the intersection. This algorithm it-
eratively mapped vessels in order to obtain bifurcations and crossings. Several
other vasculature measurements have been reported, like fractal dimension of
the vasculature for the detection of DR [82] or for the detection of stroke [83],
vessel diameter [84], and arteriolar-to-venular diameter ratio [85, 86]. Xu et
al. [87] proposed a graph-based segmentation method to measure the width of
vessels.
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3.4. Detection of retinal lesions
3.4.1. Detection of microaneurysms
MAs (see Figure 1(b)) are swellings of the capillaries and appear as dark red
isolated dots. They are very common lesions of various diseases, thus, reasonable
efforts have been made for their proper detection considering several principles.
Walter et al. [88] introduced an algorithm for MA candidate extraction.
It starts with image enhancement and green channel normalization, followed
by candidate detection with diameter closing and an automatic thresholding
scheme. Finally, the classification of the candidates was performed based on
kernel density estimation. Among the most widely applied candidate extractor
methods we find Spencer et al. [89] and Frame et al. [90]. Here, shade correction
was applied by subtracting a median filtered background from the green chan-
nel image. Candidate extraction was accomplished by morphological top-hat
transformations using twelve structuring elements. Finally, a contrast enhance-
ment operator was applied followed by the binarization of the resulting image.
Slightly different approaches can be found in [91, 92, 93].
Abdelazeem et al. [94] recommended the usage of circular Hough transforma-
tion [95] to extract MAs as disc-shaped spots. La´za´r and Hajdu [96] proposed a
method using pixel intensity profiles. After smoothing the green channel with a
Gaussian filter, the image was analyzed along lines at several directions. Based
on intensity peaks, adaptive thresholding was applied to binarize the image and
the final components were filtered based on their sizes. Zhang et al. [97] consid-
ered multi-scale correlation filtering and dynamic thresholding. Five Gaussian
masks with different variances were applied and their maximal responses were
thresholded to extract MA candidates. The results of two different candidate
extractors are also shown in Figure 5. Table 6 contains a detailed comparison
of the algorithms (see Appendix).
As a recent multi-modal approach, To¨ro¨k et al. [98] combined MA detection
with tear fluid proteomical analysis [99] for DR screening.
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(a) (b)
Figure 5: Results of microaneurysm candidate extraction; (a) by [88], (b) by [96].
3.4.2. Detection of exudates
Generally, exudate detection techniques can be separated in two groups.
Algorithms in the first group are based on mathematical morphology, while
those in the second on pixel classification.
Walter et al. [100] proposed a method that used morphological closing as
a first step to eliminate vessels. Then, local standard deviation was calculated
to extract the candidates. Finally, a morphological reconstruction method was
used to find exudate contours. Since the OD also appears as a bright spot,
Sopharak et al. [101] eliminated the OD as a first step. Then, Otsu thresholding
was used to locate high intensity regions. After contrast enhancement, Welfer
et al. [102] applied an H-maxima transform on the L channel in the color space
CIE 1976 L*u*v*.
In order to determine whether a pixel is in the exudate region or not,
Sopharak et al. [103] introduced a method using fuzzy c-means clustering. Then,
morphological operations were applied to refine the results. In [104], Sopharak
et al. showed that Naive Bayes classification can also be applied for this task.
Sa´nchez et al. [105] detected small isolated exudates and used them for train-
ing. Therefore, a new training set was defined for classification for each image.
Niemeijer et al. [106] recommended a multi-level classification method, where
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candidates were labeled as drusen, exudates or cotton wool spots. Garc´ıa et
al. [107] used neural networks to identify exudates. Harangi et al. [108, 109]
proposed a system for exudate detection using a fusion of active contour meth-
ods and region-wise classifiers; for some detection results see Figure 6.
(a) (b)
Figure 6: Exudate detection by [109] after contrast enhancement and cropping; (a) original
fundus image, (b) the result of detection.
In addition to the aforementioned methods, [22] suggested the detection of
lesions including exudates within a complex landmark extraction system for DR
screening. A detailed comparison of the algorithms is enclosed in Table 7 (see
Appendix).
3.4.3. Detection of other lesions
Cotton wool spots are reminiscent in appearance of exudates; therefore,
similar approaches can be considered for their detection. However, for the same
reason, the differentiation of cotton wool spots and exudates is a challenging
task [106]. Hemorrhages are dark lesions, but their varied shape and size are
similar to that of exudates. For example, after some appropriate modifications
the exudate detection method [108] could be applied for the segmentation of
hemorrhages, as well. A survey on recent methods for hemorrhage detection
can be found in [110].
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3.5. Ensemble-based detection
Though single methods can perform well in general, there are challenging
situations when they fail. In fact, there is no reason to assume that an individual
algorithm could be optimal for such heterogeneous data as retinal images.
To address this issue, a possible approach is to apply ensemble-based sys-
tems, which principle had a strong focus in our contributions presented in this
section. An ensemble-based system consists of a set of algorithms (members),
whose individual outputs are fused by some consensus scheme, e.g. by majority
voting. An ensemble composed of algorithms based on sufficiently diverse prin-
ciples is expected to be more accurate than any of its members if they perform
better than random guessing [111]. The diversity of the members allows an
ensemble to respond more flexibly to various conditions originating from e.g.,
the presence of specific diseases in a dataset.
For example, the detection of the OD may be based on its main character-
istic being a bright oval patch. However, if bright lesions like exudates are also
present, the objects might be misclassified. To overcome these problems, we can
create ensembles of algorithms to fuse their findings. Qureshi et al. [112] pro-
posed a combination of algorithms for the detection of the OD and macula. The
selection of the algorithms was based on detection accuracy and computation
time. Moreover, a weight value was assigned to each algorithm according to its
candidate extraction performance. The final locations of the OD and macula
were determined by a weighted graph theoretical approach, which took the mu-
tual geometric placements also into consideration (see Figure 7). Harangi and
Hajdu [113] introduced an ensemble-based system also for OD detection, but
extracted more candidates for each member algorithm. Weights were assigned
to the candidates according to the ranking and accuracy of their extractor al-
gorithms.
Ensemble-based systems have been applied for lesion detection, as well. Nagy
et al. [114] proposed a system for exudates that was an optimal combination of
pre-processing methods and candidate extractors. The ensemble pool consisted
of several 〈pre-processing method, candidate extractor〉 pairs in all possible
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(a) (b)
Figure 7: Simultaneous ensemble-based detection of the OD and macula by [112]; (a) candidate
regions voted by various detector algorithms, (b) final candidates using geometric relationships
(distance and angle).
combinations. To find the best ensemble, a simulated annealing-based search
algorithm was used. Next, a voting scheme was applied with the following
rule: if more than 50% of the ensemble member pairs marked a pixel as an
exudate one, their labeling was accepted. Antal and Hajdu [115, 116] applied
roughly the same approach for MA detection. Further, Antal and Hajdu [117]
proposed a complete system for DR-screening, where fusion-based approaches
were considered for both the detections of anatomic parts/lesions and to make
the final decision for an image based on the output of different classifiers as
illustrated in Figure 8. On the basis of these works, we can conclude that
ensemble-based methods often outperform individual algorithms, especially in
more challenging situations. This claim is also supported by the corresponding
performance measures in Tables 1, 6, and 7 (see Appendix).
3.6. Performance evaluation of algorithms
3.6.1. Databases for performance evaluations
In this section, we list several publicly available databases that are generally
used to quantitatively compare the performances of the algorithms collected in
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Figure 8: Flowchart of the ensemble-based system for retinal image analysis from [117].
this review.
Retinopathy Online Challenge (ROC) [118] is a worldwide online competi-
tion dedicated to measure the accuracy of MA detectors. The ROC database
consists of 50 training and 50 test images having different resolutions (768×576,
1058 × 1061 and 1389 × 1383 pixels), 45◦ field-of-view (FOV) and JPEG com-
pression. For objective comparisons of the MA detector algorithms, a test set
is provided, where the MAs are not given.
The DIARETDB0 database [119] contains 130 losslessly compressed color
fundus images with a resolution of 1500× 1152 pixels and 50◦ FOV. 110 images
contain abnormalities, like hard exudates, soft exudates, MAs, hemorrhages and
neovascularization. For every fundus image, a corresponding ground truth file
is available containing the OD/macula centers and all lesions appearing in the
specific retinal image.
The DIARETDB1 v2.1 database [120] contains 28 losslessly compressed
training and 61 test images, respectively, with a resolution of 1500× 1152 pix-
els and 50◦ FOV. As ground truth, an expert in ophthalmology marked the
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OD/macula centers and the regions related to MAs, hemorrhages, and hard/soft
exudates.
The HEI-MED database [121] consists of 169 images of resolution 2196×1958
pixels with a 45◦ FOV, among which 54 images are classified manually by an
ophthalmologist as containing exudates.
The Messidor database [122] consists of 1200 losslessly compressed 24-bit
RGB images with 45◦ FOV at different resolutions of 1440× 960, 2240× 1488,
and 2304 × 1536 pixels. For each image, a grading score is provided regard-
ing the stage of retinopathy based on the presence of MAs, hemorrhages and
neovascularization.
The DRIVE [123] database contains 40 JPEG-compressed color fundus im-
ages of resolution 768× 584 pixels and 45◦ FOV. For training purposes, a single
manual segmentation of the vessel system is available for each image. For the
test cases, two manual segmentations are available; one is used as ground truth,
the other one is to compare computer-generated segmentations with those of an
independent human observer.
The STARE database [71] consists of 397 fundus images of size 700 × 605
pixels. STARE contains annotations of 39 possible retinal distortions for each
image. Furthermore, the database includes manual vessel segmentations for 40
images, and artery/vein labeling for 10 images created by two experts. Ground
truth for OD detection is provided for 80 images, as well.
The HRF database [124] contains high-resolution fundus images for vessel
segmentation purposes. It consists of 45 JPEG-compressed RGB images of
size 3504 × 2336 pixels and the images are divided to three sets of equal sizes,
namely, healthy, glaucomatous and DR ones. This database contains the manual
annotations of one human observer.
3.6.2. Performance measurement
As the primary aim of the automatic retinal image analysis methods is to
support clinical decision-making, it has key importance to objectively measure
their performances, i.e., the level of agreement between their outputs and a
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reference standard (ground truth), which is typically a set of manual annotations
created by expert ophthalmologists.
The most commonly used measures to assess the performance of retinal im-
age segmentation methods are sensitivity, specificity, precision, accuracy, and
the F1-score. These measures rely on the number of true positive (TP , cor-
rectly identified), false positive (FP , incorrectly identified), true negative (TN ,
correctly rejected), and false negative (FN , incorrectly rejected) hits. The
sensitivity and specificity of a method are calculated as TP/(TP + FN) and
TN/(TN+FP ), respectively, while precision is as TP/(TP +FP ). Accuracy is
determined as (TP +TN)/(TP +FP +TN+FN), while the F1-score measures
the performance of a method by equally weighting sensitivity and precision via
2TP/(2TP + FP + FN).
When a method also assigns confidence values to its output, its specificity
and sensitivity can be adjusted by thresholding these confidence values. Plot-
ting the resulting sensitivity against 1−specificity as the threshold is changed
yields a receiver operator characteristics curve. As sensitivity and specificity fall
between 0 and 1, the receiver operator characteristics curve resides within the
unit square. The area under the receiver operator characteristics curve (AUC)
quantifies the overall performance of a given method: an AUC value of 1 means
perfect performance, while 0.5 indicates random behavior. All these measures
are routinely applied to the evaluation of the different types of algorithms de-
scribed in this review.
As the different image analysis methods are evaluated using various (often
non-public) dataset, their performance measures are not directly comparable in
general. For this reason, it is also not easy to select a single best method for a
given task based on solely its reported performance measures. For example, it
is often uncertain how the sensitivity and specificity of a method would change
depending on the ratio of diseased and non-diseased images in the dataset.
Therefore, we recommend the evaluation of methods on a subset of images
representing the desired data to be processed in order to select the appropriate
image analysis methods. However, in this selection Tables 1-7 may give some
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clues by showing certain accuracy figures for both diseased and non-diseased
datasets.
It is also worth noting how the retinal image analysis performances of the
currently available automated diagnostic systems compare to that of human
experts. Abra`moff et al. [125] presented a DR screening system having nearly
the same performance as human experts in terms of sensitivity and specificity,
achieving an AUC value 0.850. Other state-of-the-art approaches Hansen et
al. [126] and Agurto et al. [127] reported AUC figures 0.878 and 0.890, respec-
tively. The ensemble-based DR screening system described by Antal and Hajdu
[117] provided an AUC value 0.900 in a disease/no disease setting. However,
these AUC figures were found on datasets having different proportions of pa-
tients showing/missing signs of DR.
4. Future trends in retinal image analysis
Considering the recent advances in the discovery of retinal biomarkers and
biomarker candidates, more widespread adoption of retinal imaging can be ex-
pected in the clinical practice in the future for the early identification of several
chronic diseases and long-term conditions. With the increasing amount of reti-
nal images, the application of automatic image analysis techniques are expected
to become more important to aid the work of the medical experts and to de-
crease the associated care costs. The automatic analyses of retinal images may
also facilitate the establishment of large-scale computer aided screening and pre-
vention programs. In this respect, telemedicine and mobile devices may play a
critical role in the future, e.g., by allowing patients to send retinal images for
regular control without the need of visiting a screening center.
In the recent years, mobile devices have a rapid and extensive development.
Their hardware resources and processing power give us the chance to consider
them as possible tools for ophthalmic imaging. Bolster et al. [128] reviewed the
recent advancements in smartphone ophthalmology. In most solutions, extra
hardware is necessary to acquire good quality images. One such tool is the
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Welch Allyn iExaminer System shown in Figure 9, which can be attached to
an Apple iPhone 4/4S. To date, this is the only FDA-approved ophthalmoscope
for mobile phones [129]. In general, compared to professional fundus cameras,
smartphone-based ophthalmoscopes have a narrower FOV, lower contrast, and
less brightness/sharpness in comparison with a clinical device (see Figure 10).
Figure 9: A retinal camera attached to a mobile phone.
(a) (b)
Figure 10: Sample fundus images acquired by (a) a mobile fundus camera (FOV 25◦), (b) a
clinical device (FOV 50◦).
Haddock et al. [130] described a technique, which lets high-quality fun-
dus images be taken. This is a relatively cheap solution with consisting of a
smartphone (iPhone 4 or 5), a 20D and an optional Koeppe lens. Prasanna
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et al. [131] outlined a concept of a smartphone-based decision support system
for DR screening. Giardini et al. [132] proposed a complex system based on an
inexpensive ophthalmoscope adapter and mobile phone software.
Besenczi et al. [133] recommended an image processing method for cup-
to-disc ratio measurement on images taken by mobile phones. An important
motivation of the study was the comparison of the mobile platform with the
clinical setting, so images were acquired from the same patients by both mobile
and office-based cameras. Cup-to-disc ratio calculation was based on the fusion
of several OD detectors. After the segmentation of the OD region, each pixel
was classified based on its intensity as an OD, OC or vessel one. The steps
of the proposed method are also shown in Figure 11. It has been found that
the accuracy drops only moderately on the mobile platform comparing with the
clinical one.
(a) (b) (c) (d)
Figure 11: The results of [133] for OD and OC segmentation on a mobile (top row) and
a clinical (bottom row) fundus image; (a) original images, (b) OD centers and average size
OD discs, (c) precise OD boundary extracted by active contour, (d) OD and OC pixels after
classification.
5. Conclusions
The efficiency of the state-of-the-art methods summarized in this paper are
measured on images belonging to public and non-public datasets. Although
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the objectivity of these quantitative measures are evident, less is known about
how these algorithms are expected to perform in general. For example, most
papers do not mention how the selected image acquisition technique or image
resolution affects the overall performance of these methods. Thus, it would be
a very precious future practice to evaluate regarding several factors to allow
other researchers to fine tune the parameter settings of the algorithms for their
specific image data, as it is done e.g. in [134] for noise filtering. Though in this
work we focus on fundus photography, from other image acquisition techniques
we can highlight optical coherence tomography with the corresponding image
analytic methods [135, 136].
As for performance, the accuracies of the algorithms are generally considered
as primarily important. On the other hand, some approaches, like the fusion-
based ones discussed in the paper, can be expected to raise accuracy at the
expense of computational time. Unfortunately, proper benchmarking analyses
are often omitted in the presentation of the algorithms, and the rapid devel-
opment of computer hardware and the various hardware platforms also make a
quantitative comparison of the execution times challenging. However, observ-
ing the methodologies the algorithms are generally based on we can draw some
conclusions. For example, the growing amount of clinically annotated images
should lead to the raise of detection accuracy for algorithms considering machine
learning without increasing the processing time of an image to be evaluated.
On the other hand, the oﬄine learning process may become computationally
very demanding. Algorithms considering filters based on local neighborhoods
can improve their accuracies with reacting to higher resolution with simply
increasing the size of the filters for the cost of execution time. As a critical
issue regarding computational performance, possibilities of distributed process-
ing should be checked in each method. Parallel implementations can be easily
provided for pixel- and region-level feature extraction or image-level processing.
For algorithms having free parameters, the optimal settings of them for differ-
ent datasets can be determined by stochastic optimization, which approaches
also offer heuristic parallel search strategies at the expense of a slight risk for
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dropping some accuracy. In several methods, an efficient solution to reduce the
computational time is to substitute processes operating in the spatial domain
with alternatives in the frequency domain. Algorithms interpreting an image
in a wider biological context are challenging to make computationally efficient.
For example, if the detected components and relations are processed by graph
algorithms, the solutions can be found only in heuristic ways.
As a brief summary of this review we can claim that the comprehensive
predictive and exploratory investigation of medical data – including the auto-
matic analysis of retinal images – has the potential to effectively support clinical
decision-making and with the progress towards personalized medicine it will be-
come indispensable.
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Appendix
Table 1: Algorithms for the localization and segmentation of the OD.




Lalonde et al. [27] pyramidal decomposition, template matching non-public dataset 40 ACC 1.0000
Lu and Lim [28] line operator DIARETDB0, DIARETDB1,
DRIVE, STARE
340 ACC 0.9735
Hoover and Goldbaum [29] fuzzy convergence of the retinal vessels STARE 81 ACC 0.89
Foracchia et al. [31] modeling the direction of the retinal vessels STARE 81 ACC 0.9753
Youssif et al. [32] 2D Gaussian matched filtering, morphological op-
erations
DRIVE; STARE 121 ACC 1.00; ACC 0.9877
Abra`moff and Niemeijer [33] kNN location regression non-public dataset 1000 ACC 0.9990
Sekhar et al. [34] morphological operations, Hough transform DRIVE; STARE 55 ACC 0.947; ACC 0.823
Zhu and Rangayyan [35] edge detection, Hough transform DRIVE 40 ACC 0.9250
Lu [36] circular transformation ARIA, Messidor, STARE 1401 ACC 0.9950
Qureshi et al. [112] majority voting-based ensemble DIARETDB1; DIARETDB1;
DRIVE
259 ACC 0.9679; ACC 0.9402;
ACC 1.00
Harangi and Hajdu [113] weighted majority voting-based ensemble DIARETDB0; DIARETDB1 219 PPV 0.9846; PPV 0.9887
Hajdu et al. [39] spatially constrained majority voting-based en-
semble
non-public dataset; Messidor 1527 ACC 0.921; ACC 0.981
Toma´n et al. [40] spatially constrained weighted majority voting-
based ensemble
Messidor 1200 ACC 0.98
Yu et al. [37] template matching, hybrid level-set model Messidor 1200 ACC 0.9908
Cheng et al. [38] superpixel classification non-public dataset 650 ACC 0.915
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Table 2: Algorithms for the localization and segmentation of the macula and the fovea.




Sinthanayothin et al. [47] template matching, positional constraints non-public dataset 112 SE 0.804, SP 0.991
Li and Chutatape [48] pixel intensity, positional constraints non-public dataset 89 ACC 1.00
Tobin et al. [49] parabolic model non-public dataset 345 ACC 0.925
Chin et al. [50] minimum vessel density, positional constraints non-public dataset; Messidor 419 ACC 0.8534; ACC
0.7294
Niemeijer et al. [51] point distribution model non-public datasets 500;
100
ACC 0.944; ACC 0.920
Niemeijer et al. [52] kNN regression non-public datasets 500;
100
ACC 0.968; ACC 0.890
Welfer et al. [53] mathematical morphology DIARETDB1; DRIVE 126 ACC 0.9213; ACC 1.00
Antal and Hajdu [54] intensity thresholding DIARETDB0; DIARETDB1;
DRIVE
199 ACC 0.86; ACC 0.92;
ACC 0.68
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Table 3: Algorithms for the segmentation of the retinal blood vessel system.




Soares et al. [61] 2D Gabor wavelet, Bayesian classification DRIVE; STARE 60 AUC 0.9614; AUC 0.9671
Lupas¸cu et al. [62] AdaBoost-based classification DRIVE 20 AUC 0.9561, ACC 0.9597
Chaudhuri et al. [63] 2D matched filters non-public dataset NA NA
Kova´cs and Hajdu [64] template matching, contour reconstruction DRIVE; STARE; HRF 105 ACC 0.9494; ACC 0.9610;
ACC 0.9678
Annunziata et al. [65] Hessian eigenvalue analysis, exudate inpainting STARE; HRF 65 ACC 0.9562; ACC 0.9581
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Table 4: Algorithms for the classification of arteries and veins.
Authors Method Database(s) used No. of
images
Performance (ACC)
Zamperini et al. [66] supervised classifiers non-public dataset 42 0.9313
Relan et al. [67] GMM-EM clustering non-public dataset 35 0.92
Dashtbozorg et al. [68] graph-based classification DRIVE; INSPIRE-AVR [86];
VICAVR [137]
138 0.874; 0.883; 0.898
Estrada et al. [69] graph-based framework, global likelihood model non-public dataset;
1:2:DRIVE; INSPIRE-AVR
110 0.910; 1:0.935, 2:0.917;
0.909
Relan et al. [70] LS-SVM classification non-public dataset; DRIVE 90 0.9488; 0.894
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Table 5: Algorithms for the assessment of vessel tortuosity.
Authors Method Database(s) used No. of
images
Performance (SCC)
Grisan et al. [73] inflection-based measurement RET-TORT [73] 60 0.949 (artery), 0.853 (vein)
Poletti et al. [75] combination of measures non-public dataset 20 0.95
Oloumi et al. [76] angle-variation-based measurement non-public dataset 7 NA
Trucco et el. [79] curvature and vessel width-based measurement DRIVE 20 NA
Aghamohamadian-Sharbaf
et al. [80]
curvature-based measurement RET-TORT 60 0.94
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Table 6: Algorithms for the detection of MAs.




Walter et al. [88] Gaussian filtering, top-hat transformation non-public dataset 94 SE 0.885 (FPI 2.13)
Spencer et al. [89] morphological operators, matched filtering non-public dataset NA SE 0.824, SP 0.856
Niemeijer et al. [91] kNN pixel classification non-public dataset 140 SE 1.00, SP 0.87
Mizutani et al. [92] double-ring filter, neural network classification ROC 50 SE 0.648 (FPI 27.04)
Fleming et al. [93] contrast normalization, watershed region growing non-public dataset 1441 SE 0.854, SP 0.831
Abdelazeem [94] circular Hough transformation non-public dataset 3 NA
La´za´r and Hajdu [96] directional cross-section profiles non-public dataset; ROC 110 RS 0.233; RS 0.423
Zhang et al. [97] multi-scale correlation coefficients ROC 50 RS 0.357
Antal and Hajdu [115] ensemble-based detection ROC 50 RS 0.434
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Table 7: Algorithms for the detection of exudates.




Ravishankar et al. [22] mathematical morphology non-public dataset, DI-
ARETDB0, DRIVE, STARE
516 SE 0.957, SP 0.942
Walter et al. [100] mathematical morphology non-public dataset 30 SE 0.928, PPV 0.924
Sopharak et al. [101] optimally adjusted morphological operators non-public dataset 60 SE 0.80, SP 0.995
Welfer et al. [102] mathematical morphology DIARETDB1 89 SE 0.7048, SP 0.9884
Sopharak et al. [103] fuzzy c-means clustering, morphological oper-
ators
non-public dataset 40 SE 0.8728, SP 0.9924
Sopharak et al. [104] Naive Bayes and SVM classification non-pubic dataset 39 SE 0.9228, SP 0.9852
Sa´nchez et al. [105] linear discriminant classification non-public dataset 58 SE 0.88 (FPI 4.83)
Niemeijer et al. [106] kNN and linear discriminant classification non-public dataset 300 SE 0.95, SP 0.86
Garc´ıa et al. [107] 1:MLP, 2:RBF, and 3:SVM classification non-public dataset 67 1:SE 0.8814, PPV 0.8072; 2:SE
0.8849, PPV 0.7741; 3:SE
0.8761, PPV 0.8351
Harangi et al. [108] active contour fusion, region-wise classification 1:DIARETDB1; 2:HEI-MED 258 1:SE 0.86, PPV 0.84 (lesion
level); 1:SE 0.92, SP 0.68 (im-
age level); 2:SE 0.87, SP 0.86
(image level)
Nagy et al. [114] majority voting-based ensemble DIARETDB1 89 SE 0.72, PPV 0.77
34
References
[1] H. Kolb, Simple anatomy of the retina, in: Webvision: The Organization
of the Retina and Visual System, University of Utah Health Sciences Cen-
ter, Salt Lake City (UT), 1995, pp. 1–14.
URL http://europepmc.org/books/NBK11533
[2] F. Aguiree, A. Brown, N. H. Cho, G. Dahlquist, S. Dodd, T. Dunning,
M. Hirst, C. Hwang, D. Magliano, C. Patterson, et al., IDF diabetes atlas,
7th edition, International Diabetes Federation, 2015.
[3] T. Wong, P. Mitchell, The eye in hypertension, The Lancet 369 (9559)
(2007) 425–435. doi:http://dx.doi.org/10.1016/S0140-6736(07)60198-6.
[4] M. K. Ikram, J. C. Witteman, J. R. Vingerling, M. M. Breteler,
A. Hofman, P. T. de Jong, Retinal vessel diameters and risk of hy-
pertension: the Rotterdam study, Hypertension 47 (2) (2006) 189–194.
doi:http://dx.doi.org/10.1161/01.HYP.0000199104.61945.33.
[5] C. Y. lui Cheung, Y. Zheng, W. Hsu, M. L. Lee, Q. P. Lau, P. Mitchell,
J. J. Wang, R. Klein, T. Y. Wong, Retinal vascular tortuosity, blood
pressure, and cardiovascular risk factors, Ophthalmology 118 (5) (2011)
812–818. doi:http://dx.doi.org/10.1016/j.ophtha.2010.08.045.
[6] P. G. Camici, F. Crea, Coronary microvascular dysfunction,
New England Journal of Medicine 356 (8) (2007) 830–840.
doi:http://dx.doi.org/10.1056/NEJMra061889.
[7] G. Liew, J. J. Wang, Retinal vascular signs: a window to the heart, Re-
vista Espan˜ola de Cardiolog´ıa (English Edition) 64 (6) (2011) 515–521.
doi:http://dx.doi.org/10.1016/j.rec.2011.02.017.
[8] B. R. McClintic, J. I. McClintic, J. D. Bisognano, R. C. Block, The rela-
tionship between retinal microvascular abnormalities and coronary heart
disease: a review, The American Journal of Medicine 123 (4) (2010)
374.e1–374.e7. doi:http://dx.doi.org/10.1016/j.amjmed.2009.05.030.
35
[9] G. Liew, P. Mitchell, E. Rochtchina, T. Y. Wong, W. Hsu, M. L. Lee,
A. Wainwright, J. J. Wang, Fractal analysis of retinal microvasculature
and coronary heart disease mortality, European Heart Journal 32 (4)
(2011) 422–429. doi:http://dx.doi.org/10.1093/eurheartj/ehq431.
[10] M. L. Baker, P. J. Hand, J. J. Wang, T. Y. Wong, Retinal signs and
stroke: revisiting the link between the eye and brain, Stroke 39 (4) (2008)
1371–1379. doi:http://dx.doi.org/10.1161/STROKEAHA.107.496091.
[11] N. Cheung, G. Liew, R. I. Lindley, E. Y. Liu, J. J. Wang,
P. Hand, M. Baker, P. Mitchell, T. Y. Wong, Retinal fractals and
acute lacunar stroke, Annals of Neurology 68 (1) (2010) 107–111.
doi:http://dx.doi.org/10.1002/ana.22011.
[12] N. Patton, T. Aslam, T. MacGillivray, A. Pattie, I. J. Deary, B. Dhillon,
Retinal vascular image analysis as a potential screening tool for cere-
brovascular disease: a rationale based on homology between cerebral and
retinal microvasculatures, Journal of Anatomy 206 (4) (2005) 319–348.
doi:http://dx.doi.org/10.1111/j.1469-7580.2005.00395.x.
[13] N. Panwar, P. Huang, J. Lee, P. A. Keane, T. S. Chuan, A. Richhariya,
S. Teoh, T. H. Lim, R. Agrawal, Fundus photography in the 21st cen-
tury – a review of recent technological advances and their implications for
worldwide healthcare, Telemedicine and e-Health 22 (3) (2016) 198–208.
doi:http://dx.doi.org/10.1089/tmj.2015.0068.
[14] P. H. Scanlon, R. Malhotra, R. H. Greenwood, S. J. Aldington, C. Foy,
M. Flatman, S. Downes, Comparison of two reference standards in vali-
dating two field mydriatic digital photography as a method of screening
for diabetic retinopathy, British Journal of Ophthalmology 87 (10) (2003)
1258–1263. doi:http://dx.doi.org/10.1136/bjo.87.10.1258.
[15] S. Philip, L. M. Cowie, J. A. Olson, The impact of the Health Tech-
nology Board for Scotland’s grading model on referrals to ophthalmol-
36
ogy services, British Journal of Ophthalmology 89 (7) (2005) 891–896.
doi:http://dx.doi.org/10.1136/bjo.2004.051334.
[16] M. Sonka, V. Hlavac, R. Boyle, Image Processing, Analysis and Machine
Vision, Chapman and Hall computing series, Springer US, 2013.
[17] R. Koprowski, Image Analysis for Ophthalmological Diagnosis, Springer
International Publishing, 2016. doi:http://dx.doi.org/10.1007/978-3-319-
29546-6.
[18] A. Youssif, A. Ghalwash, A. Ghoneim, Comparative study of contrast en-
hancement and illumination equalization methods for retinal vasculature
segmentation, in: Cairo International Biomedical Engineering Conference,
2006, pp. 1–5.
[19] T. Walter, J.-C. Klein, Automatic detection of microaneurysms in color
fundus images of the human retina by means of the bounding box closing,
in: Medical Data Analysis: Third International Symposium (ISMDA),
2002, pp. 210–220. doi:http://dx.doi.org/10.1007/3-540-36104-9 23.
[20] R. Gonzalez, R. Woods, S. Eddins, Digital image processing using MAT-
LAB, Gatesmark Publishing, 2009.
[21] K. Zuiderveld, Contrast limited adaptive histogram equalization, in: P. S.
Heckbert (Ed.), Graphics Gems IV, Academic Press Professional, Inc.,
1994, pp. 474–485.
[22] S. Ravishankar, A. Jain, A. Mittal, Automated feature extraction for early
detection of diabetic retinopathy in fundus images, in: Computer Vision
and Pattern Recognition (CVPR). IEEE Conference on, 2009, pp. 210–
217. doi:http://dx.doi.org/10.1109/CVPR.2009.5206763.
[23] A. Criminisi, P. Perez, K. Toyama, Object removal by exemplar-
based inpainting, in: IEEE Conference on Computer Vision
and Pattern Recognition (CVPR), Vol. 2, 2003, pp. 721–728.
doi:http://dx.doi.org/10.1109/CVPR.2003.1211538.
37
[24] T. Lin, Y. Zheng, Adaptive image enhancement for retinal blood
vessel segmentation, Electronics Letters 38 (2002) 1090–1091.
doi:http://dx.doi.org/10.1049/el:20020775.
[25] B. Antal, A. Hajdu, Improving microaneurysm detection using
an optimally selected subset of candidate extractors and pre-
processing methods, Pattern Recognition 45 (1) (2012) 264–270.
doi:http://dx.doi.org/10.1016/j.patcog.2011.06.010.
[26] J. To´th, L. Szaka´cs, A. Hajdu, Finding the optimal parameter set-
ting for an ensemble-based lesion detector, in: 2014 IEEE Interna-
tional Conference on Image Processing (ICIP), 2014, pp. 3532–3536.
doi:http://dx.doi.org/10.1109/ICIP.2014.7025717.
[27] M. Lalonde, M. Beaulieu, L. Gagnon, Fast and robust optic disc detec-
tion using pyramidal decomposition and Hausdorff-based template match-
ing, IEEE Transactions on Medical Imaging 20 (11) (2001) 1193–1200.
doi:http://dx.doi.org/10.1109/42.963823.
[28] S. Lu, J. H. Lim, Automatic optic disc detection from retinal images by a
line operator, IEEE Transactions on Biomedical Engineering 58 (1) (2011)
88–94. doi:http://dx.doi.org/10.1109/TBME.2010.2086455.
[29] A. Hoover, M. Goldbaum, Locating the optic nerve in a reti-
nal image using the fuzzy convergence of the blood vessels,
IEEE Transactions on Medical Imaging 22 (8) (2003) 951–958.
doi:http://dx.doi.org/10.1109/TMI.2003.815900.
[30] A. Hoover, M. Goldbaum, Fuzzy convergence, in: IEEE Computer Society
Conference on Computer Vision and Pattern Recognition, 1998, pp. 716–
721. doi:http://dx.doi.org/10.1109/CVPR.1998.698682.
[31] M. Foracchia, E. Grisan, A. Ruggeri, Detection of optic disc in reti-
nal images by means of a geometrical model of vessel structure,
38
IEEE Transactions on Medical Imaging 23 (10) (2004) 1189–1195.
doi:http://dx.doi.org/10.1109/TMI.2004.829331.
[32] A. A. H. A. R. Youssif, A. Z. Ghalwash, A. A. S. A. R. Ghoneim, Optic
disc detection from normalized digital fundus images by means of a vessels’
direction matched filter, IEEE Transactions on Medical Imaging 27 (1)
(2008) 11–18. doi:http://dx.doi.org/10.1109/TMI.2007.900326.
[33] M. D. Abra`moff, M. Niemeijer, The automatic detection of the op-
tic disc location in retinal images using optic disc location regres-
sion, in: Engineering in Medicine and Biology Society (EMBS). 28th
Annual International Conference of the IEEE, 2006, pp. 4432–4435.
doi:http://dx.doi.org/10.1109/IEMBS.2006.259622.
[34] S. Sekhar, W. Al-Nuaimy, A. K. Nandi, Automated localisation of retinal
optic disk using Hough transform, in: 5th IEEE International Sympo-
sium on Biomedical Imaging: From Nano to Macro, 2008, pp. 1577–1580.
doi:http://dx.doi.org/10.1109/ISBI.2008.4541312.
[35] X. Zhu, R. M. Rangayyan, Detection of the optic disc in images of the
retina using the Hough transform, in: 30th Annual International Confer-
ence of the IEEE Engineering in Medicine and Biology Society, 2008, pp.
3546–3549. doi:http://dx.doi.org/10.1109/IEMBS.2008.4649971.
[36] S. Lu, Accurate and efficient optic disc detection and segmentation by a
circular transformation, IEEE Transactions on Medical Imaging 30 (12)
(2011) 2126–2133. doi:http://dx.doi.org/10.1109/TMI.2011.2164261.
[37] H. Yu, E. S. Barriga, C. Agurto, S. Echegaray, M. S. Pattichis, W. Bau-
man, P. Soliz, Fast localization and segmentation of optic disk in retinal
images using directional matched filtering and level sets, IEEE Transac-
tions on Information Technology in Biomedicine 16 (4) (2012) 644–657.
doi:http://dx.doi.org/10.1109/TITB.2012.2198668.
39
[38] J. Cheng, J. Liu, Y. Xu, F. Yin, D. W. K. Wong, N. M. Tan,
D. Tao, C. Y. Cheng, T. Aung, T. Y. Wong, Superpixel classifica-
tion based optic disc and optic cup segmentation for glaucoma screen-
ing, IEEE Transactions on Medical Imaging 32 (6) (2013) 1019–1032.
doi:http://dx.doi.org/10.1109/TMI.2013.2247770.
[39] A. Hajdu, L. Hajdu, A´. Jo´na´s, L. Kova´cs, H. Toma´n, Gener-
alizing the majority voting scheme to spatially constrained voting,
IEEE Transactions on Image Processing 22 (11) (2013) 4182–4194.
doi:http://dx.doi.org/10.1109/TIP.2013.2271116.
[40] H. Toma´n, L. Kova´cs, A´. Jo´na´s, L. Hajdu, A. Hajdu, Generalized weighted
majority voting with an application to algorithms having spatial out-
put, in: International Conference on Hybrid Artificial Intelligence Sys-
tems, Springer, 2012, pp. 56–67. doi:http://dx.doi.org/10.1007/978-3-642-
28931-6 6.
[41] A. Hajdu, L. Hajdu, L. Kova´cs, H. Toma´n, Diversity measures for
majority voting in the spatial domain, in: International Conference
on Hybrid Artificial Intelligence Systems, Springer, 2013, pp. 314–323.
doi:http://dx.doi.org/10.1007/978-3-642-40846-5 32.
[42] G. Savini, P. Barboni, M. Carbonelli, A. Sbreglia, G. Deluigi,
V. Parisi, Comparison of optic nerve head parameter measure-
ments obtained by time-domain and spectral-domain optical co-
herence tomography, Journal of Glaucoma 22 (5) (2013) 384–389.
doi:http://dx.doi.org/10.1097/IJG.0b013e31824c9423.
[43] C. Helmer, F. Malet, M.-B. Rougier, C. Schweitzer, J. Colin, M.-N. De-
lyfer, J.-F. Korobelnik, P. Barberger-Gateau, J.-F. Dartigues, C. Delcourt,
Is there a link between open-angle glaucoma and dementia, Annals of Neu-
rology 74 (2) (2013) 171–179. doi:http://dx.doi.org/10.1002/ana.23926.
[44] D. W. K. Wong, J. Liu, J. H. Lim, N. M. Tan, Z. Zhang,
40
S. Lu, H. Li, M. H. Teo, K. L. Chan, T. Y. Wong, Intelligent fu-
sion of cup-to-disc ratio determination methods for glaucoma detec-
tion in ARGALI, in: Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, 2009, pp. 5777–5780.
doi:http://dx.doi.org/10.1109/IEMBS.2009.5332534.
[45] Y. Hatanaka, A. Noudo, C. Muramatsu, A. Sawada, T. Hara, T. Ya-
mamoto, H. Fujita, Automatic measurement of vertical cup-to-disc ra-
tio on retinal fundus images, in: D. Zhang, M. Sonka (Eds.), Medical
Biometrics: Second International Conference, ICMB, 2010, pp. 64–72.
doi:http://dx.doi.org/10.1007/978-3-642-13923-9 7.
[46] R. Bock, J. Meier, L. G. Nyu´l, J. Hornegger, G. Michelson,
Glaucoma risk index: automated glaucoma detection from color
fundus images, Medical Image Analysis 14 (3) (2010) 471–481.
doi:http://dx.doi.org/10.1016/j.media.2009.12.006.
[47] C. Sinthanayothin, J. F. Boyce, H. L. Cook, T. H. Williamson, Automated
localisation of the optic disc, fovea, and retinal blood vessels from digital
colour fundus images, British Journal of Ophthalmology 83 (8) (1999)
902–910. doi:http://dx.doi.org/10.1136/bjo.83.8.902.
[48] H. Li, O. Chutatape, Automated feature extraction in color
retinal images by a model based approach, IEEE Trans-
actions on Biomedical Engineering 51 (2) (2004) 246–254.
doi:http://dx.doi.org/10.1109/TBME.2003.820400.
[49] K. W. Tobin, E. Chaum, V. P. Govindasamy, T. P. Karnowski,
Detection of anatomic structures in human retinal imagery, IEEE
Transactions on Medical Imaging 26 (12) (2007) 1729–1739.
doi:http://dx.doi.org/10.1109/TMI.2007.902801.
[50] K. S. Chin, E. Trucco, L. Tan, P. J. Wilson, Automatic
fovea location in retinal images using anatomical priors and ves-
41
sel density, Pattern Recognition Letters 34 (10) (2013) 1152–1158.
doi:http://dx.doi.org/10.1016/j.patrec.2013.03.016.
[51] M. Niemeijer, M. D. Abra`moff, B. van Ginneken, Segmentation of
the optic disc, macula and vascular arch in fundus photographs,
IEEE Transactions on Medical Imaging 26 (1) (2007) 116–127.
doi:http://dx.doi.org/10.1109/TMI.2006.885336.
[52] M. Niemeijer, M. D. Abra`moff, B. van Ginneken, Fast de-
tection of the optic disc and fovea in color fundus pho-
tographs, Medical Image Analysis 13 (6) (2009) 859–870.
doi:http://dx.doi.org/10.1016/j.media.2009.08.003.
[53] D. Welfer, J. Scharcanski, D. R. Marinho, Fovea center detection
based on the retina anatomy and mathematical morphology, Com-
puter Methods and Programs in Biomedicine 104 (3) (2011) 397–409.
doi:http://dx.doi.org/10.1016/j.cmpb.2010.07.006.
[54] B. Antal, A. Hajdu, A stochastic approach to improve macula
detection in retinal images, Acta Cybern. 20 (1) (2011) 5–15.
doi:http://dx.doi.org/10.14232/actacyb.20.1.2011.2.
[55] J. Cheng, D. W. K. Wong, X. Cheng, J. Liu, N. M. Tan, M. Bhar-
gava, C. M. G. Cheung, T. Y. Wong, Early age-related macular degen-
eration detection by focal biologically inspired feature, in: 19th IEEE
International Conference on Image Processing, 2012, pp. 2805–2808.
doi:http://dx.doi.org/10.1109/ICIP.2012.6467482.
[56] M. H. A. Hijazi, F. Coenen, Y. Zheng, Data mining techniques for the
screening of age-related macular degeneration, Knowledge-Based Systems
29 (2012) 83–92. doi:http://dx.doi.org/10.1016/j.knosys.2011.07.002.
[57] Y. Zheng, M. H. A. Hijazi, F. Coenen, Automated disease/no disease
grading of age-related macular degeneration by an image mining ap-
42
proach, Investigative Ophthalmology & Visual Science 53 (13) (2012)
8310. doi:http://dx.doi.org/10.1167/iovs.12-9576.
[58] C. Ko¨se, U. S¸evik, O. Genc¸aliog˘lu, C. I˙kibas¸, T. Kayıkıc¸ıog˘lu, A statistical
segmentation method for measuring age-related macular degeneration in
retinal fundus images, Journal of Medical Systems 34 (1) (2010) 1–13.
doi:http://dx.doi.org/10.1007/s10916-008-9210-4.
[59] P. Burlina, D. E. Freund, N. Joshi, Y. Wolfson, N. M. Bressler, Detection
of age-related macular degeneration via deep learning, in: 13th IEEE
International Symposium on Biomedical Imaging (ISBI), 2016, pp. 184–
188. doi:http://dx.doi.org/10.1109/ISBI.2016.7493240.
[60] Z. Liang, D. W. K. Wong, J. Liu, K. L. Chan, T. Y. Wong,
Towards automatic detection of age-related macular degeneration in
retinal fundus images, in: Annual International Conference of the
IEEE Engineering in Medicine and Biology, 2010, pp. 4100–4103.
doi:http://dx.doi.org/10.1109/IEMBS.2010.5627289.
[61] J. V. B. Soares, J. J. G. Leandro, R. M. Cesar, H. F. Jelinek, M. J. Cree,
Retinal vessel segmentation using the 2-D Gabor wavelet and supervised
classification, IEEE Transactions on Medical Imaging 25 (9) (2006) 1214–
1222. doi:http://dx.doi.org/10.1109/TMI.2006.879967.
[62] C. A. Lupas¸cu, D. Tegolo, E. Trucco, FABC: Retinal ves-
sel segmentation using AdaBoost, IEEE Transactions on In-
formation Technology in Biomedicine 14 (5) (2010) 1267–1274.
doi:http://dx.doi.org/10.1109/TITB.2010.2052282.
[63] S. Chaudhuri, S. Chatterjee, N. Katz, M. Nelson, M. Goldbaum, Detec-
tion of blood vessels in retinal images using two-dimensional matched
filters, IEEE Transactions on Medical Imaging 8 (3) (1989) 263–269.
doi:http://dx.doi.org/10.1109/42.34715.
43
[64] G. Kova´cs, A. Hajdu, A self-calibrating approach for the seg-
mentation of retinal vessels by template matching and con-
tour reconstruction, Medical Image Analysis 29 (2016) 24–46.
doi:http://dx.doi.org/10.1016/j.media.2015.12.003.
[65] R. Annunziata, A. Garzelli, L. Ballerini, A. Mecocci, E. Trucco,
Leveraging multiscale Hessian-based enhancement with a novel exu-
date inpainting technique for retinal vessel segmentation, IEEE Jour-
nal of Biomedical and Health Informatics 20 (4) (2016) 1129–1138.
doi:http://dx.doi.org/10.1109/JBHI.2015.2440091.
[66] A. Zamperini, A. Giachetti, E. Trucco, K. S. Chin, Effective features for
artery-vein classification in digital fundus images, in: Computer-Based
Medical Systems (CBMS), 25th International Symposium on, 2012, pp.
1–6. doi:http://dx.doi.org/10.1109/CBMS.2012.6266336.
[67] D. Relan, T. MacGillivray, L. Ballerini, E. Trucco, Retinal vessel classifica-
tion: sorting arteries and veins, in: 35th Annual International Conference
of the IEEE Engineering in Medicine and Biology Society (EMBC), 2013,
pp. 7396–7399. doi:http://dx.doi.org/10.1109/EMBC.2013.6611267.
[68] B. Dashtbozorg, A. M. Mendonc¸a, A. Campilho, An automatic
graph-based approach for artery/vein classification in retinal images,
IEEE Transactions on Image Processing 23 (3) (2014) 1073–1083.
doi:http://dx.doi.org/10.1109/TIP.2013.2263809.
[69] R. Estrada, M. J. Allingham, P. S. Mettu, S. W. Cousins, C. Tomasi,
S. Farsiu, Retinal artery-vein classification via topology estimation,
IEEE Transactions on Medical Imaging 34 (12) (2015) 2518–2534.
doi:http://dx.doi.org/10.1109/TMI.2015.2443117.
[70] D. Relan, T. MacGillivray, L. Ballerini, E. Trucco, Automatic reti-
nal vessel classification using a least square – support vector machine
in VAMPIRE, in: 2014 36th Annual International Conference of the
44
IEEE Engineering in Medicine and Biology Society, 2014, pp. 142–145.
doi:http://dx.doi.org/10.1109/EMBC.2014.6943549.
[71] A. D. Hoover, V. Kouznetsova, M. Goldbaum, Locating blood vessels
in retinal images by piecewise threshold probing of a matched filter re-
sponse, IEEE Transactions on Medical Imaging 19 (3) (2000) 203–210.
doi:http://dx.doi.org/10.1109/42.845178.
[72] W. E. Hart, M. Goldbaum, B. Coˆte´, P. Kube, M. R. Nelson,
Measurement and classification of retinal vascular tortuosity, In-
ternational Journal of Medical Informatics 53 (2) (1999) 239–252.
doi:http://dx.doi.org/10.1016/S1386-5056(98)00163-4.
[73] E. Grisan, M. Foracchia, A. Ruggeri, A novel method for the automatic
grading of retinal vessel tortuosity, IEEE Transactions on Medical Imaging
27 (3) (2008) 310–319. doi:http://dx.doi.org/10.1109/TMI.2007.904657.
[74] W. Lotmar, A. Freiburghaus, D. Bracher, Measurement of vessel
tortuosity on fundus photographs, Albrecht von Graefes Archiv fu¨r
klinische und experimentelle Ophthalmologie 211 (1) (1979) 49–57.
doi:http://dx.doi.org/10.1007/BF00414653.
[75] E. Poletti, E. Grisan, A. Ruggeri, Image-level tortuosity estima-
tion in wide-field retinal images from infants with Retinopathy of
Prematurity, in: Annual International Conference of the IEEE En-
gineering in Medicine and Biology Society, 2012, pp. 4958–4961.
doi:http://dx.doi.org/10.1109/EMBC.2012.6347105.
[76] F. Oloumi, R. M. Rangayyan, A. L. Ells, Assessment of vessel tortuosity
in retinal images of preterm infants, in: 36th Annual International Con-
ference of the IEEE Engineering in Medicine and Biology Society, 2014,
pp. 5410–5413. doi:http://dx.doi.org/10.1109/EMBC.2014.6944849.
[77] A. Lisowska, R. Annunziata, G. K. Loh, D. Karl, E. Trucco, An experi-
mental assessment of five indices of retinal vessel tortuosity with the RET-
45
TORT public dataset, in: 36th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society, 2014, pp. 5414–5417.
doi:http://dx.doi.org/10.1109/EMBC.2014.6944850.
[78] A. Perez-Rovira, T. MacGillivray, E. Trucco, K. S. Chin, K. Zutis,
C. Lupas¸cu, D. Tegolo, A. Giachetti, P. J. Wilson, A. Doney, B. Dhillon,
VAMPIRE: vessel assessment and measurement platform for images
of the retina, in: Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, 2011, pp. 3391–3394.
doi:http://dx.doi.org/10.1109/IEMBS.2011.6090918.
[79] E. Trucco, H. Azegrouz, B. Dhillon, Modeling the tortuosity of retinal
vessels: Does caliber play a role?, IEEE Transactions on Biomedical En-
gineering 57 (9) (2010) 2239–2247. doi:10.1109/TBME.2010.2050771.
[80] M. Aghamohamadian-Sharbaf, H. R. Pourreza, T. Banaee, A novel
curvature-based algorithm for automatic grading of retinal blood vessel
tortuosity, IEEE Journal of Biomedical and Health Informatics 20 (2)
(2016) 586–595. doi:http://dx.doi.org/10.1109/JBHI.2015.2396198.
[81] C.-L. Tsai, C. V. Stewart, H. L. Tanenbaum, B. Roysam, Model-based
method for improving the accuracy and repeatability of estimating vascu-
lar bifurcations and crossovers from retinal fundus images, IEEE Trans-
actions on Information Technology in Biomedicine 8 (2) (2004) 122–130.
doi:http://dx.doi.org/10.1109/TITB.2004.826733.
[82] A. Avakian, R. E. Kalina, E. Helene Sage, A. H. Rambhia, K. E. El-
liott, E. L. Chuang, J. I. Clark, J.-N. Hwang, P. Parsons-Wingerter,
Fractal analysis of region-based vascular change in the normal and non-
proliferative diabetic retina, Current Eye Research 24 (4) (2002) 274–280.
doi:http://dx.doi.org/10.1076/ceyr.24.4.274.8411.
[83] T. J. MacGillivray, N. Patton, F. N. Doubal, C. Graham, J. M.
Wardlaw, Fractal analysis of the retinal vascular network in fun-
dus images, in: 29th Annual International Conference of the IEEE
46
Engineering in Medicine and Biology Society, 2007, pp. 6455–6458.
doi:http://dx.doi.org/10.1109/IEMBS.2007.4353837.
[84] C. A. Lupas¸cu, D. Tegolo, E. Trucco, Accurate estimation of retinal
vessel width using bagged decision trees and an extended multiresolu-
tion Hermite model, Medical Image Analysis 17 (8) (2013) 1164–1180.
doi:http://dx.doi.org/10.1016/j.media.2013.07.006.
[85] L. Tramontan, E. Grisan, A. Ruggeri, An improved system for the au-
tomatic estimation of the arteriolar-to-venular diameter ratio (AVR) in
retinal images, in: 30th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, 2008, pp. 3550–3553.
doi:http://dx.doi.org/10.1109/IEMBS.2008.4649972.
[86] M. Niemeijer, X. Xu, A. V. Dumitrescu, P. Gupta, B. van Gin-
neken, J. C. Folk, M. D. Abra`moff, Automated measurement of the
arteriolar-to-venular width ratio in digital color fundus photographs,
IEEE Transactions on Medical Imaging 30 (11) (2011) 1941–1950.
doi:http://dx.doi.org/10.1109/TMI.2011.2159619.
[87] X. Xu, M. Niemeijer, Q. Song, M. Sonka, M. K. Garvin, J. M. Rein-
hardt, M. D. Abra`moff, Vessel boundary delineation on fundus images us-
ing graph-based approach, IEEE Transactions on Medical Imaging 30 (6)
(2011) 1184–1191. doi:http://dx.doi.org/10.1109/TMI.2010.2103566.
[88] T. Walter, P. Massin, A. Erginay, R. Ordonez, C. Jeulin, J.-
C. Klein, Automatic detection of microaneurysms in color fun-
dus images, Medical Image Analysis 11 (6) (2007) 555–566.
doi:http://dx.doi.org/10.1016/j.media.2007.05.001.
[89] T. Spencer, J. A. Olson, K. C. McHardy, P. F. Sharp, J. V. For-
rester, An image-processing strategy for the segmentation and quan-
tification of microaneurysms in fluorescein angiograms of the ocular
fundus, Computers and Biomedical Research 29 (4) (1996) 284–302.
doi:http://dx.doi.org/10.1006/cbmr.1996.0021.
47
[90] A. J. Frame, P. E. Undrill, M. J. Cree, J. A. Olson, K. C. McHardy,
P. F. Sharp, J. V. Forrester, A comparison of computer based classifica-
tion methods applied to the detection of microaneurysms in ophthalmic
fluorescein angiograms, Computers in Biology and Medicine 28 (3) (1998)
225–238. doi:http://dx.doi.org/10.1016/S0010-4825(98)00011-0.
[91] M. Niemeijer, B. van Ginneken, J. Staal, M. S. A. Suttorp-Schulten, M. D.
Abra`moff, Automatic detection of red lesions in digital color fundus pho-
tographs, IEEE Transactions on Medical Imaging 24 (5) (2005) 584–592.
doi:http://dx.doi.org/10.1109/TMI.2005.843738.
[92] A. Mizutani, C. Muramatsu, Y. Hatanaka, S. Suemori, T. Hara, H. Fu-
jita, Automated microaneurysm detection method based on double
ring filter in retinal fundus images, in: SPIE Medical Imaging, Vol.
7260, International Society for Optics and Photonics, 2009, p. 72601N.
doi:http://dx.doi.org/10.1117/12.813468.
[93] A. D. Fleming, S. Philip, K. A. Goatman, J. A. Olson, P. F. Sharp,
Automated microaneurysm detection using local contrast normalization
and local vessel detection, IEEE Transactions on Medical Imaging 25 (9)
(2006) 1223–1232. doi:http://dx.doi.org/10.1109/TMI.2006.879953.
[94] S. Abdelazeem, Micro-aneurysm detection using vessels removal
and circular Hough transform, in: Radio Science Conference
(NRSC). Proceedings of the Nineteenth National, 2002, pp. 421–426.
doi:http://dx.doi.org/10.1109/NRSC.2002.1022650.
[95] T.-C. Chen, K.-L. Chung, An efficient randomized algorithm for detecting
circles, Computer Vision and Image Understanding 83 (2) (2001) 172–191.
doi:http://dx.doi.org/10.1006/cviu.2001.0923.
[96] I. La´za´r, A. Hajdu, Retinal microaneurysm detection through local rotat-
ing cross-section profile analysis, IEEE Transactions on Medical Imaging
32 (2) (2013) 400–407. doi:http://dx.doi.org/10.1109/TMI.2012.2228665.
48
[97] B. Zhang, X. Wu, J. You, Q. Li, F. Karray, Detection of microaneurysms
using multi-scale correlation coefficients, Pattern Recognition 43 (6)
(2010) 2237–2248. doi:http://dx.doi.org/10.1016/j.patcog.2009.12.017.
[98] Z. To¨ro¨k, T. Peto˝, E´. Cso˝sz, E. Tuka´cs, A´. Molna´r, A. Berta,
J. To˝zser, A. Hajdu, V. Nagy, B. Domokos, A. Csutak, Combined meth-
ods for diabetic retinopathy screening, using retina photographs and
tear fluid proteomics biomarkers, Journal of Diabetes Research 2015.
doi:http://dx.doi.org/10.1155/2015/623619.
[99] Z. To¨ro¨k, T. Peto˝, E´. Cso˝sz, E. Tuka´cs, A´. Molna´r, Z. Maros-Szabo´,
A. Berta, J. To˝zser, A. Hajdu, V. Nagy, B. Domokos, A. Csutak, Tear
fluid proteomics multimarkers for diabetic retinopathy screening, BMC
Ophthalmology 13 (1) (2013) 1–8. doi:http://dx.doi.org/10.1186/1471-
2415-13-40.
[100] T. Walter, J.-C. Klein, P. Massin, A. Erginay, A contribu-
tion of image processing to the diagnosis of diabetic retinopathy-
detection of exudates in color fundus images of the human retina,
IEEE Transactions on Medical Imaging 21 (10) (2002) 1236–1243.
doi:http://dx.doi.org/10.1109/TMI.2002.806290.
[101] A. Sopharak, B. Uyyanonvara, S. Barman, T. H. Williamson,
Automatic detection of diabetic retinopathy exudates from non-
dilated retinal images using mathematical morphology methods, Com-
puterized Medical Imaging and Graphics 32 (8) (2008) 720–727.
doi:http://dx.doi.org/10.1016/j.compmedimag.2008.08.009.
[102] D. Welfer, J. Scharcanski, D. R. Marinho, A coarse-to-fine strat-
egy for automatically detecting exudates in color eye fundus images,
Computerized Medical Imaging and Graphics 34 (3) (2010) 228–235.
doi:http://dx.doi.org/10.1016/j.compmedimag.2009.10.001.
[103] A. Sopharak, B. Uyyanonvara, S. Barman, Automatic exudate de-
tection from non-dilated diabetic retinopathy retinal images us-
49
ing fuzzy C-means clustering, Sensors 9 (3) (2009) 2148–2161.
doi:http://dx.doi.org/10.3390/s90302148.
[104] A. Sopharak, M. N. Dailey, B. Uyyanonvara, S. Barman,
T. Williamson, K. T. Nwe, Y. A. Moe, Machine learning ap-
proach to automatic exudate detection in retinal images from di-
abetic patients, Journal of Modern Optics 57 (2) (2010) 124–135.
doi:http://dx.doi.org/10.1080/09500340903118517.
[105] C. I. Sa´nchez, R. Hornero, M. I. Lo´pez, M. Aboy, J. Poza, D. Aba´solo, A
novel automatic image processing algorithm for detection of hard exudates
based on retinal image analysis, Medical Engineering & Physics 30 (3)
(2008) 350–357. doi:http://dx.doi.org/10.1016/j.medengphy.2007.04.010.
[106] M. Niemeijer, B. van Ginneken, S. R. Russell, M. S. Suttorp-Schulten,
M. D. Abra`moff, Automated detection and differentiation of drusen, exu-
dates, and cotton-wool spots in digital color fundus photographs for dia-
betic retinopathy diagnosis, Investigative Ophthalmology & Visual Science
48 (5) (2007) 2260–2267. doi:http://dx.doi.org/10.1167/iovs.06-0996.
[107] M. Garc´ıa, C. I. Sa´nchez, M. I. Lo´pez, D. Aba´solo, R. Hornero,
Neural network based detection of hard exudates in retinal images,
Computer Methods and Programs in Biomedicine 93 (1) (2009) 9–19.
doi:http://dx.doi.org/10.1016/j.cmpb.2008.07.006.
[108] B. Harangi, A. Hajdu, Automatic exudate detection by fus-
ing multiple active contours and regionwise classification,
Computers in Biology and Medicine 54 (2014) 156–171.
doi:http://dx.doi.org/10.1016/j.compbiomed.2014.09.001.
[109] B. Harangi, I. La´za´r, A. Hajdu, Automatic exudate detection using active
contour model and regionwise classification, in: Annual International Con-
ference of the IEEE Engineering in Medicine and Biology Society, 2012,
pp. 5951–5954. doi:http://dx.doi.org/10.1109/EMBC.2012.6347349.
50
[110] P. Jitpakdee, P. Aimmanee, B. Uyyanonvara, A survey on hemorrhage
detection in diabetic retinopathy retinal images, in: Electrical Engineer-
ing/Electronics, Computer, Telecommunications and Information Tech-
nology (ECTI-CON), 9th International Conference on, 2012, pp. 1–4.
doi:http://dx.doi.org/10.1109/ECTICon.2012.6254356.
[111] L. K. Hansen, P. Salamon, Neural network ensembles, IEEE Transactions
on Pattern Analysis and Machine Intelligence 12 (10) (1990) 993–1001.
doi:10.1109/34.58871.
[112] R. J. Qureshi, L. Kova´cs, B. Harangi, B. Nagy, T. Peto˝, A. Hajdu, Com-
bining algorithms for automatic detection of optic disc and macula in fun-
dus images, Computer Vision and Image Understanding 116 (1) (2012)
138–145. doi:http://dx.doi.org/10.1016/j.cviu.2011.09.001.
[113] B. Harangi, A. Hajdu, Improving the accuracy of optic disc
detection by finding maximal weighted clique of multiple can-
didates of individual detectors, in: 9th IEEE International
Symposium on Biomedical Imaging (ISBI), 2012, pp. 602–605.
doi:http://dx.doi.org/10.1109/ISBI.2012.6235620.
[114] B. Nagy, B. Harangi, B. Antal, A. Hajdu, Ensemble-based exudate detec-
tion in color fundus images, in: Image and Signal Processing and Analysis
(ISPA), 7th International Symposium on, 2011, pp. 700–703.
[115] B. Antal, A. Hajdu, An ensemble-based system for microa-
neurysm detection and diabetic retinopathy grading, IEEE Trans-
actions on Biomedical Engineering 59 (6) (2012) 1720–1726.
doi:http://dx.doi.org/10.1109/TBME.2012.2193126.
[116] B. Antal, A. Hajdu, Improving microaneurysm detection in
color fundus images by using context-aware approaches, Com-
puterized Medical Imaging and Graphics 37 (5) (2013) 403–408.
doi:http://dx.doi.org/10.1016/j.compmedimag.2013.05.001.
51
[117] B. Antal, A. Hajdu, An ensemble-based system for automatic screen-
ing of diabetic retinopathy, Knowledge-Based Systems 60 (2014) 20–27.
doi:http://dx.doi.org/10.1016/j.knosys.2013.12.023.
[118] M. Niemeijer, B. van Ginneken, M. Cree, A. Mizutani, G. Quellec,
C. Sanchez, B. Zhang, R. Hornero, M. Lamard, C. Muramatsu, X. Wu,
G. Cazuguel, J. You, A. Mayo, Q. Li, Y. Hatanaka, B. Cochener, C. Roux,
F. Karray, M. Garcia, H. Fujita, M. Abra`moff, Retinopathy Online Chal-
lenge: Automatic detection of microaneurysms in digital color fundus pho-
tographs, IEEE Transactions on Medical Imaging 29 (1) (2010) 185–195.
doi:http://dx.doi.org/10.1109/TMI.2009.2033909.
[119] T. Kauppi, V. Kalesnykiene, J.-K. Kamarainen, L. Lensu, I. Sorri,
H. Uusitalo, K. Heikki, P. Juhani, DIARETDB0: Evaluation database
and methodology for diabetic retinopathy algorithms, Tech. rep., Univer-
sity of Kuopio, Finland (2006).
[120] T. Kauppi, V. Kalesnykiene, J. Kamarainen, L. Lensu, I. Sorri, A. Rani-
nen, R. Voutilainen, H. Uusitalo, H. Kalviainen, J. Pietila, DIARETDB1
diabetic retinopathy database and evaluation protocol, in: IEEE Confer-
ence on Medical Image Understanding and Analysis (MIUA), 2007, pp.
61–65.
[121] L. Giancardo, F. Meriaudeau, T. Karnowski, K. Tobin, E. Chaum,
L. Yaquin, S. Garg, Exudate-based diabetic macular edema detection in
fundus images using publicly available datasets, Medical Image Analysis
16 (2012) 216–226. doi:http://dx.doi.org/10.1016/j.media.2011.07.004.
[122] E. Decencie`re, X. Zhang, G. Cazuguel, B. Lay, B. Cochener, C. Trone,
P. Gain, R. Ordonez, P. Massin, A. Erginay, B. Charton, J.-
C. Klein, Feedback on a publicly distributed database: the Messi-
dor database, Image Analysis & Stereology 33 (3) (2014) 231–234.
doi:http://dx.doi.org/10.5566/ias.1155.
52
[123] J. Staal, M. Abra`moff, M. Niemeijer, M. Viergever, B. van Gin-
neken, Ridge-based vessel segmentation in color images of the retina,
IEEE Transactions on Medical Imaging 23 (4) (2004) 501–509.
doi:http://dx.doi.org/10.1109/TMI.2004.825627.
[124] J. Odstrcilik, R. Kolar, A. Budai, J. Hornegger, J. Jan, J. Gazarek,
T. Kubena, P. Cernosek, O. Svoboda, E. Angelopoulou, Retinal vessel
segmentation by improved matched filtering: evaluation on a new high-
resolution fundus image database, IET Image Processing 7 (2013) 373–
383. doi:http://dx.doi.org/10.1049/iet-ipr.2012.0455.
[125] M. D. Abra`moff, M. Niemeijer, S. R. Russell, Automated detec-
tion of diabetic retinopathy: barriers to translation into clinical
practice, Expert Review of Medical Devices 7 (2) (2010) 287–296.
doi:http://dx.doi.org/10.1586/erd.09.76.
[126] M. B. Hansen, M. D. Abra`moff, J. C. Folk, W. Mathenge, A. Bastawrous,
T. Peto˝, Results of automated retinal image analysis for detection of di-
abetic retinopathy from the Nakuru study, Kenya, PLoS ONE 10 (10)
(2015) 1–9. doi:http://dx.doi.org/10.1371/journal.pone.0139148.
[127] C. Agurto, E. S. Barriga, V. Murray, S. Nemeth, R. Crammer, W. Bau-
man, G. Zamora, M. S. Pattichis, P. Soliz, Automatic detection of dia-
betic retinopathy and age-related macular degeneration in digital fundus
images, Investigative Ophthalmology & Visual Science 52 (8) (2011) 5862–
5871. doi:http://dx.doi.org/10.1167/iovs.10-7075.
[128] N. M. Bolster, M. E. Giardini, I. A. Livingstone, A. Bastawrous,
How the smartphone is driving the eye-health imaging revolu-
tion, Expert Review of Ophthalmology 9 (6) (2014) 475–485.
doi:http://dx.doi.org/10.1586/17469899.2014.981532.
[129] E. Mann, iExaminer 510(k) Summary Administration, USFaD (2012).
53
[130] L. J. Haddock, D. Y. Kim, S. Mukai, Simple, inexpensive
technique for high-quality smartphone fundus photography
in human and animal eyes, Journal of Ophthalmology 2013.
doi:http://dx.doi.org/10.1155/2013/518479.
[131] P. Prasanna, S. Jain, N. Bhagat, A. Madabhushi, Decision sup-
port system for detection of diabetic retinopathy using smart-
phones, in: 7th International Conference on Pervasive Comput-
ing Technologies for Healthcare and Workshops, 2013, pp. 176–179.
doi:http://dx.doi.org/10.4108/icst.pervasivehealth.2013.252093.
[132] M. E. Giardini, I. A. T. Livingstone, S. Jordan, N. M. Bolster,
T. Peto˝, M. Burton, A. Bastawrous, A smartphone based ophthal-
moscope, in: 36th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society, 2014, pp. 2177–2180.
doi:http://dx.doi.org/10.1109/EMBC.2014.6944049.
[133] R. Besenczi, K. Szitha, B. Harangi, A. Csutak, A. Hajdu, Au-
tomatic optic disc and optic cup detection in retinal images ac-
quired by mobile phone, in: 9th International Symposium on Im-
age and Signal Processing and Analysis (ISPA), 2015, pp. 193–198.
doi:http://dx.doi.org/10.1109/ISPA.2015.7306057.
[134] R. Koprowski, Impact of image acquisition and selection of algorithm
parameters on the results, in: Image Analysis for Ophthalmologi-
cal Diagnosis, Springer International Publishing, 2016, pp. 109–116.
doi:http://dx.doi.org/10.1007/978-3-319-29546-6.
[135] M. D. Abra`moff, M. K. Garvin, M. Sonka, Retinal imaging and image
analysis, IEEE Reviews in Biomedical Engineering 3 (2010) 169–208.
doi:http://dx.doi.org/10.1109/RBME.2010.2084567.
[136] N. Patton, T. M. Aslam, T. MacGillivray, I. J. Deary, B. Dhillon, R. H.
Eikelboom, K. Yogesan, I. J. Constable, Retinal image analysis: Concepts,
54
applications and potential, Progress in Retinal and Eye Research 25 (1)
(2006) 99 – 127. doi:http://dx.doi.org/10.1016/j.preteyeres.2005.07.001.
[137] Varpa Images for the Computation of the Arteriolar/Venular Ratio - VI-
CAVR, http://www.varpa.es/vicavr.html, accessed: 2016-09-28.
55
